S pectral-domain optical coherence tomography (SD-OCT) enables visualization of key structures in the retina and optic nerve head (ONH), [1] [2] [3] previously not possible with existing clinical techniques. Traditional quantification of the neuroretinal rim with clinical, photographic, or confocal scanning laser tomographic techniques relies on identifying the outermost and innermost borders of the rim, respectively the clinically visible optic disc margin and the optic cup. 4 Recent research with SD-OCT has indicated that the clinically visible disc margin is not a consistent or accurate anatomic landmark from which rim estimates can be reliably made. 5, 6 Conventionally, the optic cup is either estimated clinically by the subjective appearance of the ONH surface, or with imaging devices as the portion of the enclosed disc area that lies beneath an arbitrary reference plane. [7] [8] [9] Hence, neither the optic disc nor cup margins by these definitions appear to be anatomically defensible structures.
Several investigators have proposed that Bruch's membrane opening (BMO) represents a consistent anatomic border that can serve as a reference point from which rim parameters of the ONH can be computed. 5, [10] [11] [12] [13] Rim width quantification requires identification, hereafter referred to as segmentation, of BMO and the internal limiting membrane (ILM), respectively the outermost and innermost boundary of the rim. To account for the varying trajectory of the retinal nerve fiber bundles at BMO, it has been proposed that the minimum distance from BMO to the ILM represents a geometrically accurate estimate of rim width. 5, [11] [12] [13] This index, termed BMO-minimum rim width (BMO-MRW), 5 has clinical value as it discriminates glaucoma patients from healthy controls subjects with more accuracy than current methods of quantifying the rim with confocal scanning laser tomography or SD-OCT. 14 Various SD-OCT-based studies have relied on manual segmentation of ONH structures. 5, 14, 15 For computation of rim width, the operator is required to segment BMO and the ILM in multiple B-scans from SD-OCT in a single eye, a timeconsuming process that is impractical for routine clinical use.
Automated segmentation of the ILM and Bruch's membrane, including BMO, 10, 16 is currently used in commercial SD-OCT devices. 17, 18 To date, published studies have been limited to reporting the agreement between manual and automated segmentation methods primarily for deriving traditional indices such as cup-disc ratio and rim area, 10, 16, 19, 20 with the assumption that BMO represents the disc margin. The aim of our study was to quantify and characterize the differences between an automated segmentation algorithm and manual methods to identify the ILM and BMO. We evaluated how the derived parameter BMO-MRW differed between these segmentation methods.
METHODS Participants
Participants included patients with open-angle glaucoma and healthy normal controls. They were recruited from longitudinal studies at the Eye Care Centre, Queen Elizabeth II (QE-II) Health Sciences Centre, Halifax, Nova Scotia, Canada. The study adhered to the tenets of the Declaration of Helsinki, and all subjects gave written, informed consent. If both eyes were eligible, one eye was randomly selected as the study eye. The study was approved by the Research Ethics Board of the QE-II Health Sciences Centre.
For patients, inclusion criteria were (1) clinical diagnosis of open-angle glaucoma, including primary, pseudo-exfoliative, or pigmentary glaucoma; (2) clinically judged glaucomatous ONH changes with stereo disc photography or confocal scanning laser tomography; (3) a positive Glaucoma Hemifield Test with standard automated perimetry (Swedish Interactive Thresholding Algorithm program 24-2 of the Humphrey Field Analyzer; Carl Zeiss Meditec, Dublin, CA); and (4) best corrected visual acuity equal to or better than 0.3-logarithm minimum angle of resolution (equivalent to 20/40). Exclusion criteria were (1) concomitant ocular disease and systemic medication known to affect the visual field and (2) refractive error exceeding 66.00 diopters (D) sphere or 63.00 D astigmatism.
For healthy controls, inclusion criteria were (1) normal eye examination with intraocular pressure less than 21 mm Hg; and (2) normal visual field defined as a Glaucoma Hemifield Test, mean deviation and pattern standard deviation within normal limits. The exclusion criterion was refractive error exceeding 66.00 D sphere or 63.00 D astigmatism.
Imaging
The ONH was imaged with SD-OCT (Spectralis; Heidelberg Engineering GmbH, Heidelberg, Germany) with a radial scanning pattern centered on the ONH to obtain 24 angularly equidistant radial B-scans. Each radial B-scan was averaged from 30 individual scans with 768 A-scans per B-scan. The internal image registration and tracking software was used to significantly reduce the effects of eye movements. 21 
Segmentation of ONH Structures
The SD-OCT raw data were imported into customized software, based on the Visualization Toolkit (VTK, Clifton Park, NY), enabling three-dimensional visualization and manual segmentation of BMO and the ILM. The positions of the ILM and BMO (two per B-scan) were manually segmented in each of the 24 radial B-scans by one trained observer (FAA).
An automated segmentation algorithm (Heidelberg Eye Explorer 5.7.0.9; Heidelberg Engineering) automatically segmented BMO and the ILM. The manual and automated segmentations were performed independently and were not mutually informative.
The three-dimensional coordinates of these structures were then used to calculate BMO-MRW, representing the minimum distance between the BMO and ILM with segmentation method.
Analyses
The absolute difference in depth between the automated and manual segmentation of the ILM (DILM) was computed for each pixel along each B-scan and averaged for values inside and outside BMO (as determined by the manual method), as well as for the entire B-scan, yielding one value respectively per Bscan. The distance between the automated and manual segmentation of each BMO position (absolute difference, DBMO) was then computed, yielding two values per B-scan. Finally, the absolute (representing bias and variability) and signed (representing bias) difference in BMO-MRW (automated-manual, DBMO-MRW) derived from the two segmentation methods was computed, each yielding two values per B-scan.
To determine whether the magnitude of BMO-MRW was associated with DBMO-MRW, the latter was examined as a function of BMO-MRW derived from the manual method. The variation of DBMO with respect to regional position was investigated by plotting DBMO as a function of the angle of BMO around the BMO center (computed from a spline fit of the manual BMO segmentation points). These data were averaged according to the nonparametric Friedman supersmoother spline fitting function. 22 These analyses were repeated with the absolute and signed DBMO-MRW. The final analyses on individual B-scans examined the association between image quality score (based on signal to noise ratio and ranging from 0 to 40, with higher values indicating higher image quality) and both DILM and DBMO.
Differences between automated and manual parameters were averaged across all scans for each subject, that is, subjectaveraged DILM, DBMO, and absolute and signed DBMO-MRW (derived from the 48 individual absolute and signed DBMO-MRW values, respectively). The association among these variables was assessed, as well as that between mean image quality score and both subject-averaged DILM and DBMO. Failure of the automated segmentation algorithm to segment either of the two BMO positions in a single B-scan was termed a segmentation failure. In these scans, it was not possible to derive BMO-MRW with the automated algorithm and hence also not DBMO-MRW. The segmentation failure rate was defined as the number of segmentation failures per subject.
The association between segmentation failure rate and mean image quality score was also assessed. Group variables were compared with the Mann-Whitney U test. Associations between variables were examined with Spearman's rank correlation.
RESULTS
The study population comprised 107 patients with glaucoma and 48 healthy controls. The median (interquartile range, IQR) age and visual field mean deviation was 70.3 (64.3, 76.9) years and 65.0 (58.1, 73.9) years, and À3.92 (À7.87, À1.62) dB and 0.33 (À0.32, 0.98) dB, respectively.
Image quality score, DILM, DBMO, and DBMO-MRW statistics are shown in Table 1 . The median DILM and DBMO was approximately 8 lm and 12 lm, respectively; however, the distributions had long positive tails (Fig. 1) . The distribution of signed DBMO-MRW had a peak close to 0 lm, but also had long tails containing a small number of observations (Fig. 1) . The regional variation of DBMO in individual B-scans is shown in Figure 2 . Except around the superior pole, in both glaucoma patients and controls, there were no discernible variations in DBMO with angular position around the BMO center, with the regional mean ranging from 19.3 to 24.8 lm (Fig. 2) . For both patients and controls, there was negligible bias in DBMO-MRW (values close to 0 lm, Fig. 3 ). Furthermore, there was no change in bias as a function of BMO-MRW, with the latter explaining only 0.3% of the variability of signed DBMO-MRW (Fig. 3 ). There were also no discernable variations in the absolute or signed BMO-MRW with angular position around the BMO center ( Supplementary Fig. S1 ); however, absolute DBMO-MRW tended to be marginally higher in patients superotemporally and nasally through inferiorly.
For individual B-scans, neither DILM nor DBMO were associated with image quality score (Spearman's q ¼ 0.06 and À0.02, respectively; Fig. 4 ). The subject-averaged image quality score was statistically significantly higher in controls than patients, while all three of the subject-averaged DILM parameters higher in patients than controls (Table 2 ). In both patients and controls, the difference between DILM inside BMO was almost three times higher than that outside BMO ( Table 2 ). There was no evidence for differences between patients and controls in subject-averaged absolute or signed DBMO-MRW (Table 2) ; however, because glaucoma patients had thinner BMO-MRW, DBMO-MRW, expressed as percentage, was higher in patients than controls (Table 2 ). There was no difference in bias of global BMO-MRW measurements between patients and controls ( Table 2) . Absolute subject-averaged DBMO-MRW was statistically correlated with subject-averaged DILM (q ¼ 0.39, P < 0.01; Supplementary Fig. S2 ) and DBMO (q ¼ 0.53, P < 0.01; Supplementary Fig. S2 ). Neither subjectaveraged DILM nor DBMO were associated with mean image quality score (q ¼ 0.12, P ¼ 0.15 and q ¼ À0.10, P ¼ 0.20, respectively; Supplementary Fig. S3 ). Subject-averaged DBMO-MRW was not associated with visual field mean deviation in either patients (q ¼ À0.06, P ¼ 0.58), or all subjects taken together (q ¼ À0.12, P ¼ 0.12).
Subject-averaged BMO-MRW estimated with manual segmentation was significantly lower in patients than controls (P < 0.01) with a median difference (95% confidence interval) of 127.2 (108.8, 146.6) lm. The 95% prediction interval of subject-averaged absolute DBMO-MRW was 6.6 to 37.7 lm. Thus, the upper limit of this 95% prediction interval of absolute DBMO-MRW (37.7 lm) was less than the lower limit of the 95% confidence interval of the difference in median BMO-MRW between glaucoma patients and controls (108.8 lm). In other words, 95% of all differences in BMO-MRW would be, at most, approximately 3 times smaller than a conservative estimate for the size of BMO-MRW difference between the average glaucoma patient and control subject.
The automated segmentation failure rate (the number of Bscans where neither of the two BMO positions was segmented) ranged from 0 to 4 (Fig. 5) . In 139 (90.3%) subjects, of whom 98 (91.6%) were patients and 41 (85.4%) were controls, the failure rate was 0. In 12 (7.8%) subjects (8 [7. 5%] patients and 4 [8.3%] controls), the failure rate was 1; in 1 (0.6%) subject (1 [0.9%] patient), it was 2; in 2 (1.3%) subjects (2 [4.2%] controls), it was 3; and in 1 (0.6%) subject (1 [2.1%] control), it was 4. In all but one case, segmentation failure occurred where the ILM was not fully segmented, typically when excavation of the ONH was profound and the instrument scan depth was incapable of capturing the anterior surface of prelaminar tissue and the entire ILM. Hence, in these cases, DILM, DBMO, or DBMO-MRW could not be computed. There was a poor relationship between segmentation failure rate and mean image quality score (q ¼ 0.14, P ¼ 0.08; Fig. 5 ). Figure 6 (A and B) depicts two cases illustrating that image quality was not a good predictor of the agreement between the automated and manual segmentation methods (i.e., DILM and DBMO, and DBMO-MRW derived from the two methods). Figure 7 depicts infrequent but meaningful differences between the two methods, one case (Fig. 7A ) due to automated segmentation of BMO at externally oblique border tissues and the other (Fig. 7B ) due to interference from blood vessels. One example of segmentation failure is also illustrated (Fig. 7C) .
DISCUSSION
A growing body of research with SD-OCT indicates that neuroretinal rim measurements from BMO correctly reflect the amount of the remaining neuroretinal rim tissue. 5, [10] [11] [12] [13] 23 Accurate automated segmentation of the ILM and BMO is necessary for clinical utilization of these measurements.
Automated segmentation algorithms for SD-OCT have been described; however, their evaluations have been limited to comparisons between the subjectively judged optic disc and cup margins in conventional photographs and the automatically detected BMO and reference plane-based cup measurements in SD-OCT images. 10, 16 Recent studies have examined the agreement between automated and manual segmentation in their derivation of disc margin-based measurements such as cup-disc ratio, with the assumption that the termination of the Bruch's membrane/retinal pigment epithelium complex represents the clinical disc margin. 19, 20 While these studies have reported generally good agreement between the two methods, the clinically visible optic disc margin seldom corresponds to BMO, 6 making these studies challenging to interpret. In contrast, our evaluation of the automated segmentation algorithm compared automated and manual ILM and BMO segmentation in all of the same B-scan images. We are not aware of previous published studies using the same approach. The automated segmentation algorithm used in this study yielded a median difference (compared to manual segmentation) of approximately 8 lm in ILM segmentation and approximately 12 lm in BMO segmentation, equivalent to <2 and <3 image pixels, respectively. However, the distribution of DILM and DBMO had long positive tails (Fig. 1) , with 10% of DILM and DBMO values being >20 lm and >53 lm, respectively. Hence, while in most cases the automated algorithm provided similar results to manual segmentation, for clinical use, the user should ideally review images for automated segmentation accuracy to identify obvious errors. This verification process is similar to the one required after automated segmentation of the retinal nerve fiber layer. Owing to the complex nature of deep optic nerve head anatomy in which BMO segmentation is affected by factors such as border tissue orientation, overlying blood vessels, and retinal pigment epithelium clumps, it is unlikely that even with further enhancements in automated segmentation, segmentations will not require verification by the user. We did not include glaucoma suspects but assume that the range of ONH appearances across glaucoma patients and controls encompass these subjects. However, if glaucoma suspects systematically differ in ONH structure, then the present results may not be generalizable to them, or indeed to subjects with myopic or other atypical ONH appearances.
With automated segmentation of the ILM and BMO, we wanted to determine whether BMO-MRW, the most important parameter of interest, could be derived reliably (compared to that derived with manual segmentation) without user input. The difference in DBMO-MRW between patients and controls was not statistically significant, nor was DBMO-MRW related to the severity of disease. Furthermore, the magnitude or direction (positive or negative) of DBMO-MRW did not depend on the magnitude of BMO-MRW (Fig. 3) . These findings suggest a degree of robustness in the agreement between BMO-MRW values derived from these two segmentation methods. Finally, to place our findings within the context of clinical significance, 95% of all differences in BMO-MRW between the two segmentation methods were, at worst, about 3 times smaller than a conservative estimate of the difference in BMO-MRW between glaucomatous and normal ONHs. Hence, these differences are unlikely to affect even a conservative gauge the discrimination ability of BMO-MRW.
An important limitation of the present study was the lack of a veridical BMO and ILM against which the true error of the automated algorithm can be computed. We assume that lower values of DILM and DBMO are surrogates of accuracy; however, it is plausible that lower or higher values could result from errors in the manual placement of the segmentation points, especially BMO. It is likely that the true segmentation error for BMO with both methods likely increased as the visibility of BMO decreased. Further research is underway in which the association of DBMO with subjectively graded BMO identifiability is examined to test the hypothesis that the automated segmentation algorithm performs worse when the operator also has difficulty with identifying BMO.
It is notable that individual B-scan image quality score was a poor predictor of DILM or DBMO, suggesting that the segmentation algorithm was robust up to the degree of signal degradation encountered in clinical care. Image quality score explained less than 0.01% and 0.25% of the variability in DILM and DBMO, respectively. Similarly, mean DILM or DBMO in individuals did not depend on mean image quality score.
Factors besides image quality had an impact on DILM or DBMO, hence likely on segmentation accuracy. In externally oblique border tissue configuration, 15, 24 where border tissue extends externally from the sclera to fuse with Bruch's membrane, the location of BMO can be mistaken for either border tissue or sclera (Fig. 7) . Large differences between the two methods in BMO segmentation can occur in multiple adjacent sections (Fig. 7) . Externally oblique border tissue configuration is common in myopic eyes. 25 Because our study excluded subjects with myopia exceeding À6 D, it is probable that DBMO and DBMO-MRW is higher in that population.
Blood vessels can obscure visibility of the underlying BMO by absorbing incident light and casting shadows. There were no obvious variations in DBMO around BMO, except around the superior pole, indicating that the superior vessel trunk was the likely reason for this finding. Blood vessels can also impact automated ILM segmentation, particularly when they are superficial (Fig. 7) , as the algorithm can trace the ILM either above or below the vessel depending on the superficiality of the blood vessel. More importantly, ILM segmentation by either method in these cases can have an impact on BMO-MRW if the direction of the minimum rim width is in the vicinity of a blood vessel (Fig. 7) . Some efforts to segment blood vessels automatically have been made 26 ; however, ultimately, they have to be excluded from calculation of neuroretinal rim tissue. Advances in SD-OCT-based Doppler flowmetry 27 may eventually help to automatically remove the contribution of blood vessels from neural tissue by subtracting the volume generating a Doppler signal.
The contour of the ILM had an impact on DILM. Inside BMO, the contour of the ILM has a more complex shape than outside BMO and likely results in a relatively lesser degree of segmentation certainty with both techniques, and probably the reason why DILM inside BMO was almost three times higher than outside BMO.
Finally, the scan pattern with which B-scan images are obtained likely affects segmentation accuracy. We used a radial scan pattern centered on the optic nerve head for two reasons: firstly, to ensure that the B-scan had the highest likelihood of intersecting BMO as perpendicularly as possible and reduce the number of candidate positions for BMO; secondly, to have an approximately radially equidistant separation of BMO points to ensure representative sampling. Raster or volume scanning patterns do not intersect BMO perpendicularly (except at the horizontal and vertical poles for horizontal and vertical raster patterns, respectively), hence segmentation accuracy may vary around BMO. Raster patterns also do not yield radially equidistant BMO points. Nonetheless, a comparison of the various scanning patterns may be important in ascertaining the optimal one for segmenting optic nerve head structures with SD-OCT.
In summary, we showed that segmentation of the ILM and BMO with automated and manual methods is highly comparable, with a small number of exceptions. Further input and training from manual segmentations, modification of scan depth according to optic nerve head excavation, and removal of blood vessels from neuroretinal rim calculations are important enhancements that will aid in the incorporation of automated rim measurements into clinical practice.
